The plasma membrane H + -ATPase couples ATP hydrolysis to proton transport thereby establishing the driving force for solute transport into and out of plant cells. As such, this enzyme participates in a number of cellular processes important to the overall physiology of plants. From biochemical studies and the recent application of molecular approaches, the enzyme reaction mechanism and structure of this protein have been characterized. However, our basic understanding of how this enzyme links the endergonic reaction of ATP hydrolysis to proton translocation is far from complete. In this review, several significant questions regarding the energy coupling mechanism will be addressed in terms of information available on the plant plasma membrane H + -ATPase and from studies on other P-type transport ATPases. These questions focus on the chemical nature of proton translocation, how this is linked or driven by the ATP hydrolysis reaction and what role, if any, K + has in the transport process.
INTRODUCTION
The plasma membrane H + -ATPase plays a significant role in many of the 'life functions' of plant cells. By mediating ATP-dependent H + extrusion to the cell exterior, the plasma membrane H + -ATPase sets up the driving force for solute transport in terms of an inwardly-directed proton electrochemical gradient at the plasma membrane (Sanders and Slayman, 1990; Leonard, 1984) . According to the chemiosmotic hypothesis, it is envisioned (Mitchell, 1985) that selective solute accumulation can proceed via secondary transport processes where the 'uphill' movement of solutes is linked to the pH gradient (i.e. H + / solute symports or antiports) and/or membrane potential (i.e. uniports; channels; electrogenic H + -linked transporters) components of the proton electrochemical gradient established by the H + -ATPase. This mode of energy coupling to solute transport is thought to form the basis for the selective accumulation of solutes by plant cells and would be central to important physiological processes such as mineral nutrient acquisition by plant roots (Leonard, 1984) , whole plant nutrient and metabolite allocation (Marschner, 1986) and stomatal movements (Serrano and Zieger, 1989) . Proton extrusion mediated by the plasma membrane H + -ATPase also appears to be intimately associated with the process of cell expansion in response to growth-promoting chemicals such as auxin and fusicoccin (Luthen, Bigdon, and Bottger, 1990) . These agents stimulate H + extrusion (Marre, 1985) and the decrease in cell wall pH results in either a physical loosening of the cell wall (Cleland, 1983) or an activation of cell wall degrading enzyme activities (Fry, 1989) . The resulting increase in extensibility of the cell wall together with the enhanced turgor generated by solute uptake then results 3 To whom correspondence should be addressed. Abbreviations: J^H + , proton electrochemical gradient; E,P, ADP-sensitive phosphoenzyme; E 2 P, ADP-insensitive phosphoenzyme. + -ATPase Mechanism in cell expansion (Serrano, 1985) . Recent studies by Serrano and co-workers (Altabella, Palazon, Ibarz, Pinol, and Serrano, 1990) have suggested that increased H + extrusion, in response to auxin addition, is the result of an increase in molecular activity of the plasma membrane H + -ATPase rather than enhanced gene expression for this enzyme.
Because of its overall importance in the physiology of plant cells, the plasma membrane H + -ATPase has been the subject of intensive research over the past two decades. Biochemical approaches have allowed characterization of both the enzymatic and transport properties of the plasma membrane H + -ATPase, its purification, and preliminary structural studies on the protein (Briskin (1990) for review). The more recent application of molecular approaches has resulted in the cloning of the gene for the plasma membrane H + -ATPase (Serrano (1989) and references therein), the demonstration of possible multiple forms of the enzyme in plant cells ) and the deduction of its primary amino acid sequence based upon analysis of the gene sequence (Serrano (1989) and references therein). Clearly, results from biochemical and molecular studies have provided a wealth of information regarding the activity, structure, and regulation of the plasma membrane H + -ATPase. Central to the energy coupling function of the plasma membrane H + -ATPase is its capacity to link the scalar chemical reaction of ATP hydrolysis to the vectorial movement of H + from the cytoplasmic side of the plasma membrane to the cell exterior. As such, the plasma membrane H + -ATPase behaves as a 'transducer' converting one form of energy (free energy available from ATP hydrolysis) into another (free energy conserved in Afj.H + ). However, it is this most basic aspect of the plasma membrane H + -ATPase which has remained elusive to our understanding. In this review, we will attempt to address specific issues regarding the mechanism of energy coupling to proton transport by the plant plasma membrane H + -ATPase. As this process is so closely tied to the enzymatic reaction mechanism for ATP hydrolysis and structure of the protein, we will begin with a brief discussion of these topics.
REACTION MECHANISM AND STRUCTURE OF THE PLANT PLASMA MEMBRANE H
+ -ATPase: AN OVERVIEW Similar to the cation ATPases of animal cells (Tonomura, 1986 ) and the fungal plasma membrane H + -ATPase (Nakamoto and Slayman, 1989) , the plasma membrane H + -ATPase of higher plant cells is a P-type transport enzyme. Such enzymes are characterized by having a relatively simple protein structure consisting of a single large (>90 kDa) catalytic subunit type and a mechanism for ATP hydrolysis involving formation of a covalent phosphorylated intermediate on an aspartyl residue (Pederson and Carifoli, 1987) . These characteristics are in sharp contrast to those displayed by both the F-type ATPases (ATP synthases) associated with mitochondria, chloroplasts, and prokaryotes (Futai, Moumi, and Maeda, 1989) , and the V-type ATPases associated with plant vacuoles, lysosomes and coated vesicles (Stone, Crider, Sudhof, and Xie, 1990) . The F-type and V-type ATPases have catalytic domains which are a collection of several different subunit types and the mechanism of ATP hydrolysis by these enzymes does not involve formation of a covalent phosphorylated intermediate. A summary of our current understanding of the reaction mechanism and structure of the plasma membrane H + -ATPase is as follows.
Reaction mechanism for ATP hydrolysis
The initial indication that the plant plasma membrane H + -ATPase belonged to the P-type class of transport ATPases was based on the demonstration of a phosphorylated intermediate when the enzyme was incubated with [y-32 P]-ATP (Briskin and Leonard, 1982; Vara and Serrano, 1983; Scalla, Amory, Riguad, and Goffeau, 1983) . As a minimal description of the ATP hydrolytic reaction:
ATP -> ADP+Pi the terminal phosphate group is first transferred to an amino acid group (aspartyl residue) on the protein (E) to form the phosphorylated intermediate (EP) and then subsequently attacked by water with the release of inorganic phosphate:
ATP + E -> ADP + EP,
The ability to observe a phosphorylated intermediate has been particularly useful for characterization of the reaction mechanism of ATP hydrolysis by the plasma membrane H + -ATPase since this has allowed the measurement of product release and enzyme intermediates during steady-state and transient-state kinetic experiments. Studies in this vein have permitted development of the reaction scheme shown in Fig. 1 (Briskin, 1986, \98Sa,b) . Import-ant features relevant to our discussion of the proton transport mechanism are as follows.
A significant property of the plant plasma membrane H + -ATPase mechanism is the presence of two forms of phosphoenzyme intermediate (EjP and E 2 P) present in serial arrangement. These intermediates differ in that the E^ form can interact with exogenous ADP to regenerate ATP while the E 2 P form cannot (Briskin, 1988a) . The formation of the E^ and E 2 P intermediates does not appear to be due to intra-protein transfer of the phosphate group from one amino acid moiety to another, but more likely represents a difference in protein conformation state (Briskin, 19886) . Formation of the E t P intermediate from ATP is magnesium-dependent while subsequent steps in the mechanism appear not to require free magnesium (Briskin and Poole, 1983) . From transient-state kinetic studies (Briskin, 1988a) and measurement of enzyme phosphorylation by Pi (Gonzalez de la Vara and Medina, 1990 ), it appears that the transition from E^ to E 2 P as well as the release of Pi are stimulated by potassium. Such effects may explain the characteristic stimulation of ATP hydrolytic activity by this monovalent cation (Leonard, 1984; Briskin, 1990) . Random reaction ordering is indicated at two points in the mechanism shown in Fig. 1 and this simply reflects the lack of information suggesting an ordered sequence of reactions in these portions of the catalytic cycle. Overall, this proposed reaction mechanism for ATP hydrolysis by the plant ATPase is superficially similar to other 'Post-Albers' type reaction schemes developed for P-type transport ATPases (ex. Na + ,K + -ATPase; gastric H + ,K + -ATPase) associated with animal cells (Pederson and Carifoli, 1987) . This reaction scheme with two overall forms of the enzyme (E l5 E 2 ) and their phosphorylated versions (E^, E 2 P) will form the basis for our subsequent discussion on the energy coupling mechanism.
Structure of the plasma membrane H + -ATPase
If the plasma membrane H + -ATPase is phosphorylated using [y-32 P]-ATP, quenched at low pH and maintained at a lower temperature (2-15 °C) , the protein-phosphate bond has proven sufficiently stable to allow the catalytic subunit to be radioactively labelled. When subjected to dodecyl sulphate-PAGE, a peptide with molecular weight of about 100 kDa was labelled using this approach (Briskin and Leonard, 1982; Vara and Serrano, 1983; Scalla et ai, 1983) and the properties of the labelled peptide were consistent with it being associated with the plasma membrane H + -ATPase (i.e. rapid turnover, vanadate sensitivity, Mg 2+ -dependence, etc.; Briskin (1990) and references therein). These results suggest that the 100 kDa peptide represents the catalytic subunit of the enzyme where ATP hydrolysis occurs via a phosphorylated intermediate. That this catalytic subunit represents the only subunit type associated with the enzyme was evident upon
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purification of the protein (Serrano, 1984a; Anton and Spanswick, 1985; Nagao, Sasakawa, and Sugiyama, 1987) . With native plasma membrane vesicles, radiation inactivation analysis has indicated a 'target size' of about 225000 to 228 000 for the plasma membrane H + -ATPase, suggesting that the enzyme exists as a dimer of 100 kDa catalytic subunits (Briskin, Thornley, and Roti-Roti, 1985; DeMichelis, Pugliarello, Olivari, and Rasi-Caldogno, 1990) . A similar result was found for the plasma membrane H + -ATPase of Neurospora (Bowman, Berenski, and Jung, 1986) . However, if such an analysis is conducted with a detergent-solubilized preparation of the enzyme, it appears that the single 100 kDa catalytic subunit is fully competent in mediating ATP hydrolysis (Briskin and Reynolds-Niesman, 1989) . Hence, the reaction mechanism presented in Fig. 1 , and most likely its coupling to H + translocation, can be discussed in terms of what might be occurring at an individual catalytic subunit of the enzyme.
The amino acid sequence for the 100 kDa catalytic subunit of the plant plasma membrane H + -ATPase has been deduced from following successful Gene cloning studies Serrano, 1989) . As this has also been achieved for a number of other P-type transport ATPases such as the animal Na + ,K + -ATPase (Shull, Schwartz, and Lingrel, 1986) , sarcoplasmic reticulum Ca 2+ -ATPase (MacLennan, Brandl, Korczak, and Green, 1985) , gastric mucosal H + ,K + -ATPase (Shull and Lingrel, 1986; Rabon and Reuben, 1990) and fungal plasma membrane H + -ATPase (Serrano, KiellandBrandt, and Fink, 1986; Hagar, Mandala, Davenport, Speicher, Benz, and Slayman, 1986) , it has been possible to make comparisons between the deduced primary amino acid sequences for these transport enzymes. What becomes apparent from such comparisons is that although overall homology between these different transport ATPases is not high (no greater than 25%), strong homology is observed within specific conserved regions of the protein thought to be associated with ATP binding ('kinase' domain), phosphoenzyme formation ('kinase' domain), phosphoenzyme breakdown ('phosphatase domain') and the site of catalytic phosphorylation ('transduction' domain) (Serrano (1989) and references therein). Further analysis of the deduced primary amino acid sequence according to methods that evaluate the arrangement of hydrophilic and hydrophobic amino acids ('hydrophathy' analysis) has allowed development of a hypothetical model for the topology of the plasma membrane H + -ATPase catalytic subunit in the membrane. Such a model based upon the work of Serrano (Serrano, 1989) and others (Harper, Surowy, and Sussman, 1989; Boutry, Michelet, and Goffeau, 1989 ) is presented in Fig. 2 . With the N-terminal located on the cytoplasmic side of the plasma membrane, the H + -ATPase peptide laces back and forth across the membrane forming at least eight and + -ATPase Mechanism possibly ten transmembrane helices. This uncertainty regarding the number of transmembrane helices relates to the arrangement of the C-terminal of the protein where different workers have proposed either a long cytoplasmic segment , a single transmembrane segment with exterior C-terminal (Serrano, 1989) or a 'loop' formed by two transmembrane segments with a cytoplasmic C-terminal (Boutry et al., 1989) . It should be noted that for the Neurospora plasma membrane H + -ATPase, a cytoplasmic location for the C-terminal has been supported by studies involving the binding of specific antibodies to this portion of the protein (Mandala and Slayman, 1989) and by limited proteolysis methods (Hennessey and Scarborough, 1990; Mandala and Slayman, 1988) .
What is evident from Fig. 2 , is that the H + -ATPase is arranged in the membrane with a major hydrophilic section of the peptide exposed to the cytoplasm. It is thought that this portion of the peptide represents the site where the scalar chemistry of ATP hydrolysis takes place and that the highly conserved regions of peptide involved in this function are either associated with this peptide section (kinase and transduction domains) or with the adjacent cytoplasmic loop (phosphatase domain). The first four transmembrane helices have been proposed to represent a possible 'channel' domain of the catalytic subunit where H + movement across the protein, and hence, the plasma membrane takes place (Serrano, 1989) . This is based upon the observation that four (Lear, Wasserman, and Degrado, 1988) to six (Oiki, Sauho, and Montal, 1988) Briskin (1990)) peptides that might participate in the H + transport process (Serrano, 1989) . While the hypothetical model for arrangement of the H + -ATPase catalytic peptide in the membrane is shown 'flattened-out' in Fig. 2 , it is likely that the peptide would assume a 'particle and stalk' type arrangement in three dimensions. Such an arrangement has been observed in negative-stained electon micrographs for P-type transport ATPases such as the animal sarcoplasmic reticulum Ca 2+ -ATPase (Tonomura (1986) and references therein). With analogy to other P-type transport ATPases, transmembrane peptides comprising the 'channel' domain would be associated with the 'stalk' while protein domains involved in catalysis and energy transduction would be associated with the 'particle'.
Taken together, this hypothetical structure for the plasma membrane H + -ATPase would imply the need for communicating chemical changes taking place in the catalytic domains to transport events taking place in the channel portion of the protein as a part of the coupling mechanism. From studies conducted on P-type ATPases from animal cells (sarcoplasmic reticulum Ca 2+ -ATPase; Maruyama and MacLennan, 1988 ) and fungal cells (yeast H + -ATPase; Portillo and Serrano, 1988) , it is apparent that the aspartyl group phosphorylated by ATP is essential for this process. Site-directed mutagenesis of this group to a non-phosphorylated threonine abolishes ATP-driven transport by these enzymes, although in the case of the yeast plasma membrane H + -ATPase, ATP hydrolysis uncoupled from H + transport can still take place (Portillo and Serrano, 1988; Serrano, 1989) .
Summary
Kinetic studies on the plasma membrane H + -ATPase have suggested a reaction mechanism involving two basic reaction states of the enzyme (Ei and E 2 ) and their phosphorylated versions (E^ and E 2 P). For at least the phosphorylated enzyme forms, it appears that these different forms are related to a conformational rather than primary structure change (Briskin, 19886) . With analogy to other P-type ATPases, the phosphoenzyme transitions would likely play a key role in linking the chemical reactions of ATP hydrolysis to H + translocation. Molecular studies have allowed development of a hypothetical model for the structure of the H + -ATPase displaying cytoplasmic-facing domains for the ATP hydrolytic reaction and a transmembrane 'channel' domain for H + translocation. Within the context of this hypothetical model, our subsequent discussion will focus on what may be occurring at these domains and how they interact in energy coupling. Our approach will be to address a series of significant questions regarding the process of energy transduction as mediated by this protein.
WHERE DO THE TRANSPORTED PROTONS COME FROM? The protons transported by the plasma membrane H + -ATPase would likely originate from water. However, as will be discussed in subsequent sections of this review in more detail, the manner in which water can serve to generate protons for transport may be highly dependent upon the mechanism involved in coupling ATP hydrolysis to this transport process and upon how proton transport through the H + -ATPase protein occurs. If coupling involves an indirect linking of ATP hydrolysis to transport via protein conformational change ('conformational coupling' see Fig. 10 ), then proton transport could be envisioned to occur from protons present in solution as hydronium ions or larger hydronium ion/ water aggregates. These 'hydrated' protons could either serve to protonate a group on the enzyme for proton transfer (Copeland and Chan, 1989) or a hydronium ion itself could be transported following binding at a discrete binding site on the protein (Boyer, 1988 (Rasi-Caldogno, Pugliarello, Olivari, and DeMichelis, 1989) .
On the other hand, if proton transport is directly linked to ATP hydrolysis ('ligand conduction' see Fig. 9 ) then proton generation by water could occur as a consequence of the hydrolytic reaction itself. As described later, a likely reaction could involve proton liberation following attack upon the phosphoprotein by water to produce inorganic phosphate. The proton so liberated would not be free to interact with the bulk solution but would instead be sequestered within the enzyme for subsequent release to the extracellular side of the ATPase protein. It should be noted that this hypothetical production of protons for transport from water during ATP hydrolysis would be unique to the catalytic chemistry occurring at the H + -ATPase active site. Although scalar ATP hydrolysis in solution can liberate protons:
this is highly dependent upon the pH and Mg 2+ concentration since the degree of proton production is related to the protonation state of the reaction components (ATP, ADP, Pi) and their buffering capacities (Alberty, 1969 (Alberty, 1969) , clearly ATP hydrolysis when catalysed by the plasma membrane H + -ATPase under these conditions results in a relatively high rate of proton transport (Briskin and Reynolds-Niesman, 1991; Giannini, Gildensoph, and Briskin, 1987; DeMichelis and Spanswick, 1986; Singh, Kesav, and Briskin, 1987; Brauer, Hsu, and Tu, 1989a (Briskin and Reynolds-Niesman (1991) ). These methods involved measurement of the initial rate of alkalinization of the vesicle exterior using a non-permeant pH-sensing dye, determination of the rate of proton leakage after establishment of a steadystate pH gradient by the pump and the mathematical analysis used by Brauer et al. (1989ft) . A H + /ATP stoichiometry of one can account for the magnitude of the proton electrochemical gradient observed across the plant plasma membrane in vivo and would be consistent with the steep pH gradients produced in response to treatments such as fusicoccin addition (Briskin, 1990; Briskin and Reynolds-Niesman, 1991) . This H + /ATP stoichiometry is also similar to that observed for the plasma membrane H + -ATPase of Neurospora (Perlin, San Francisco, Slayman, and Rosen, 1986) .
HOW DOES PROTON MOVEMENT THROUGH THE ATPase PROTEIN OCCUR?
At present, two general scenarios have been presented for how protons might move through the ATPase protein.
Both scenarios would focus on events which could presumably take place within a 'channel'-like domain formed by the collection of several transmembrane peptides. As shown in Fig. 2 , this has been suggested to reside within the first four transmembrane peptides in the hypothetical arrangement proposed for the plasma membrane H + -ATPase catalytic subunit (Serrano, 1989) . However, participation of the remaining transmembrane peptides could also be possible. These two options for proton translocation mechanisms arise because, in addition to acting individually as a transported solute (either alone or as a + -ATPase Mechanism hydronium ion), protons participate in hydrogen bonding and can rapidly move through a co-ordinated arrangement of hydrogen bonds.
Proton transport via proton-wires
One proposed mechanism for proton movement through the ATPase involves the concept of'proton wires' (Copeland and Chan, 1989; Nagle and Tistram-Nagle, 1983 ). This mechanism is based upon the ability of protons to move rapidly through hydrogen-bonded structures extending through the interior of proteins. These structures are often referred to as 'hydrogen bonded chains' and they occur in proteins because the amino acids constituting the peptide can contain side-groups which can participate in hydrogen bonding as hydrogen donors and acceptors. Water molecules bound by the protein could also participate in this co-ordinated system of hydrogen bonds, particularly if transmembrane peptides might align to provide a hydrophilic channel for solute conduction. A hypothetical arrangement of a hydrogen-bonded chain which includes hydrogen-bonded groups contributed by both amino acid moieties and water is depicted in Fig. 3 . While these hydrogen bonded chains can provide the 'wire' for proton conduction through the protein, it should be noted that the analogy of free proton flow through this system with de-localized electron flow in metals is not entirely correct because of certain constraints related to the mechanism of intergroup proton transfer.
In terms of the actual mechanism for proton movement through this hydrogen-bonded chain, the simple hopping of a proton from one hydrophilic group to another would be highly unlikely (Fig. 4A ). Such a mechanism would not incorporate hydrogen bonding and could not allow for effective solvation of excess charge (Nagle and TristamNagle, 1983) . Furthermore, such a process would involve extremely large activation energies that would be unreasonable in biological systems (Copeland and Chan (1989) Nagle and Tristam-Nagle (1983) . In (B) a proton enters the proton wire at the left side and protons 'hop' from group to group to result in the shifting of hydrogen bonds and single bonds shown in (c). In (c) turning of the groups occurs to restore the configuration shown in (B) with the net transport of one proton, (adapted from Nagle and Tristam-Nagle (1983)) and references therein). Rather, proton translocation would more likely occur by the type of alternative 'hop/ turn' mechanism described by Nagle and Tristam-Nagle (1983) and depicted in Fig. 4B where the hydrogen-bonded chain consists of hydroxyl groups for simplicity. Protonation of the hydrogen-bonded chain on the left would introduce a 'charge defect' into the chain which would then propagate through the chain to the right ('hop' in Fig. 4B ). This would then be followed by a second process involving propagation of a 'bond defect' through the chain where a group adjacent to the bonding defect must turn ('turn' in Fig. 4c ). This hop/turn mechanism can begin with either the 'hop' or 'turn' but must then proceed with an alternation in these processes in order for protons to be translocated through the hydrogen-bonded chain (Nagle and Tristam-Nagle, 1983) .
With this in mind, it is also possible to visualize a modified version of the hop/turn mechanism which incorporates protein conformational change as the means to drive the endergonic transport of protons through the protein and across the membrane (Fig. 5) . Within the context of a P-type ATPase, such conformational changes mediating proton transport could be driven by the cyclic reaction mechanism of the enzyme involving a phosphorylated intermediate and its turnover (Briskin, 1990; Pederson and Carifoli, 1987) . The mechanism presented in Fig. 5 is essentially that of Copeland and Chan (1989) and an in-depth discussion of proton translocation through proton-wires can be found in their review. In the initial resting state of the transport protein, the hydrogenbonded chain within the protein assumes a configuration (protons on left side of the H-bonds) that minimizes the collective potential energy of the individual hydrogenbonded groups (Fig. 5A) . A conformational change occurring during the enzyme catalytic cycle (Fig. 5B , note change in orientation of carbon bonds) would alter the energy state of the protein and favour the 'turned' arrangement of hydrogen bonds (protons on the right side of the H-bonds; Fig. 5c ). Proton transport can now take place as the protein relaxes back to its initial resting state. This is indicated in Fig. 5D where a proton derived from water enters the hydrogen-bonded chain on the right side, proton movement through the hydrogenbonded chain occurs and the protein reverts back to its initial state with completion of the transport cycle. Although it could be envisioned that hydrogen-bonded chains could be formed from any group that is capable of serving as both proton donor and acceptor, the requirement of bond 'turning' in proton transport through proton wires would restrict involvement to the side-chains of specific amino acids of proteins (Nagle and TristamNagle, 1983) . Those amino acids whose side-chains could participate in proton transport through hydrogen-bonded chains include serine, threonine, aspartic acid, asparagine, lysine, glutamic acid, glutamine, arginine, tyrosine, and histidine (Copeland and Chan, 1989) . In terms of a threedimensional arrangement of the hydrogen-bonded chain, the path of conduction would necessarily involve several peptides traversing the membrane where amino acid sidechains participating in hydrogen bonds and proton conduction would be contributed by the individual peptides. While proton conduction through the backbone hydrogen bonds of a single a-helix has been proposed (Kayalar, 1979; Krimm and Dwivedi, 1982) , this would be difficult to reconcile in terms of the requirement of bond 'turning' in the mechanism of proton conduction through the coordinated system (Nagle and Tristam-Nagle, 1983) .
With only a limited number of amino acids being able to mediate proton conduction through hydrogen-bonded chains and the data now available for the primary amino acid sequence of the plant plasma membrane H + -ATPase, amino acid residues that could participate in proton transport via a proton wire-type mechanism can be identified. For the plasma membrane H + -ATPase of Arabidopsis thaliana (sequence from Harper and Sussman, 1989) , such amino acid residues in the proposed transmembrane sequences are shown in Fig. 6 . It is apparent that there are a number of amino acids in the transmembrane portion of the protein that could form a hydrogenbonded chain and be involved in proton conduction. Determining whether or not these residues participate in a proton wire structure will require a knowledge of the three-dimensional arrangement of these peptides in the membrane. This information would indicate how the peptides align with respect to one another and if these residues can interact at the distances and orientations necessary for hydrogen bond formation. The approach of site-directed mutagenesis, now beginning to be used with transport ATPases, could also prove useful since modification of these residues would provide a means to test possible involvement in hydrogen-bonded chains. Such an approach has been used by Khorana and coworkers (Khorana, 1988) Harper and Sussman, 1989) . The amino acid sequence is shown for the first eight transmembrane peptides where an asterisk indicates amino acids which could potentially be involved in proton wire type structures.
proton transport in bacteriorhodopsin. In their studies, modification of amino acid residues potentially involved in hydrogen-bonded structures led to dramatic effects on the proton transport efficiencies of the mutants with some modifications resulting in a complete blockage of proton transport capability.
Proton transport via alternating site access
The other possible mechanism for proton transport by the plant plasma membrane H + -ATPase could involve alternating access for a discrete proton binding site (Serrano, 1989 ). This mechanism would be similar to that proposed for other P-type ATPases which transport cations such as Na + , K + or Ca 2+ (Pederson and Carifoli, 1987) . The concept of an alternating site mechanism is presented in Fig. 7 . For the plant plasma membrane H + -ATPase, this mechanism would involve a binding site for protons that would face the cytoplasm in one conformation of the protein and the cell exterior in another conformation of the protein. It is also possible that this proton transport mechanism could display an intermediate conformational state where the proton would be internalized in the protein and not be accessible to either the cytoplasm or cell exterior. This so called 'occlusion' of the transported ion has been observed for other P-type cation transport ATPases such as the Na + , K + -ATPase and the sarcoplasmic reticulum Ca 2+ -ATPase (Glynn and Karlish (1990) and references therein). As with the proton wire mechanism, these protein conformational changes would be driven by the reaction mechanism of the ATPase involving phosphoenzyme formation and breakdown. However, this mechanism is clearly different in that protons would be individually transported by the enzyme with each transport cycle rather than moved by 'proxy' through the protein. In the latter case, the proton initially binding at the cytoplasmic facing side of the ATPase would not be the one exiting from the other side of the protein.
In order to conduct proton translocation from the cytoplasm to the cell exterior, the site undergoing alternating access must also display major changes in proton binding affinity. This site would need to display a high affinity for protons in the conformation facing the cytoplasm since it must effectively bind H + when the proton (or H 3 O + ) concentration is about 01 ^M (pH 70). With access now changed to the cell exterior, the affinity of the site for H + must drastically decrease to allow the release of H + (or H 3 O + ) into a solution where the proton concentration is 10 ^M (pH 50). As pointed out by Tanford (1982a, b) , such changes in site affinity for the transported solute in an alternating site access model are necessary to prevent build-up of one intermediate state or another.
The nature of the site undergoing alternating access would be highly dependent upon the form in which the proton is being transported. If the proton is transported alone, the site could simply represent the side-chain of an amino acid which could undergo reversible protonation and de-protonation from the water phase on each side of the membrane. The required change in affinity of the side with alternating access would be related to pAT, changes of the participating group. Such changes could result from alterations in the local environment of the protonated group with changes in protein conformation. In this respect, Scheiner and co-workers (Scheiner, 1985; Scheiner and Hildebrand, 1985) have provided theoretical evidence that changes in the angle of hydrogen bonding of groups can result in changes of 2 units or more in the pAT a . A change of at least this magnitude would be necessary to allow proton release to an already acid solution.
More recently, Boyer (1988) has suggested that the transport of protons as hydronium ions (H 3 O + ) might be more relevant to an alternating access mechanism for transport ATPases. If this were to be the case, then the site for protons as H 3 O + would be in terms of a coordination centre for the hydronium ion. Such a coordination centre would be similar in nature to those associated with ionophoric compounds such as valinomycin. As an example of the chemistry that might be displayed by such a site, Boyer (1988) has pointed to cyclic polyether compounds ('crown ethers') as models for the chemical structure of a binding site involved in hydronium ion co-ordination. As shown in Fig. 8 , hydronium ions can form a stable co-ordination complex with three of the six ring oxygen atoms of the polyether (Behr, Dumas, and Moras, 1982) . It is also possible for a cyclic polyether to form a stable co-ordination complex with a sodium ion involving all six of the ring oxygen atoms and the oxygen from a water molecule (Dobler, Dunitz, and Seiler, 1974) .
This suggestion that protons might be transported as hydronium ions becomes interesting with the recent finding that protons can substitute for Na + and vice versa with two different P-type transport ATPases. Blostein and co-workers (Blostein, 1985; Polvani and Blostein, 1988; Polvani, Sachs, and Blostein, 1989) (Izatt, Haymore, and Christensen, 1972; Behr et al., 1982) or a sodium ion involving six ring oxygens and a single water molecule (not shown in diagram) (Dobler el al., 1974). ported as H 3 O + via an alternating site access mechanism since this would be difficult to reconcile in terms of any mechanism involving proton wires. Determining whether the higher plant plasma membrane H + -ATPase has the capability to transport Na + in the place of H + would clearly prove important for distinguishing between proton wire or alternating site access mechanisms for proton transport.
Nature of protein conformational changes involved in ion translocation
In both scenarios for H + movement through the ATPase, it is evident that protein conformational changes would play an instrumental role in the process of transporting a proton through the H + -ATPase protein. From studies with other P-type transport ATPases, it is apparent that conformational changes related to solute transport are subtle enough not to be reflected in major secondary structure changes measurable by circular dichroism (Serrano, 1989; Tonomura, 1986; Martonosi, Jona, Molnar, Seidler, Buchet, and Varga (1990) and references therein). Yet, these changes in conformation are sufficiently large to be detectable by changes in sites of proteolytic attack (Tonomura, 1986; Jorgensen and Andersen, 1988) , fluorescence of bound probes and intrinsic tryptophan residues (Tonomura (1986) and references therein), reaction to protein modification reagents (Martonosi et al. (1990) and references therein), and the ability to form 2-dimensional crystals (Martonosi et al., 1990) . Moreover, for enzymes such as the Na + ,K + -ATPase and sarcoplasmic reticulum Ca 2+ -ATPase, the conformational states observed by these methods appear to be relevant to the ions transported and logical for a transport mechanism involving such ions. With the Na + ,K + -ATPase, the E! state is stabilized by Na + and the E 2 state is stabilized by K + (Jergensen and Andersen, 1988) . Likewise, the Ej and E 2 states of the sarcoplasmic reticulum Ca 2+ -ATPase display differences in affinity for Ca 2+ (Inesi and Kirkly (1990) and references therein).
For the higher plant plasma membrane H + -ATPase, only minimal evidence is available regarding conformational changes relevant to the transport mechanism. Kinetic studies have shown the presence of two phosphoenzyme forms within the H + -ATPase reaction mechanism (Briskin, 1986 (Briskin, , 1988a ) which appear to differ by a conformation change rather than an intra-protein transfer of the phosphate group from one amino acid moiety to another (Briskin, 1988/?) . The presence of E, and E 2 forms is also supported by recent work of Gonzalez de la Vara and Medina (1990) Pi with a reduction in water activity. The presence of various conformational forms of the plant plasma membrane H + -ATPase is also supported by studies with protein modification reagents where ligands (Mg 2 + ,K + ) of the ATP hydrolytic reaction mechanism have the capability to block derivatization by these chemicals (Gildensoph and Briskin, 1989) . As it is difficult to envision these ions as being sufficiently large to block derivatization reagents from attacking amino acids directly, a more reasonable suggestion would be that these ions promote a conformational change where the amino acid is less susceptible to attack.
With protons (or H 3 O + ) being the solute transported by the plasma membrane H + -ATPase, examination of conformational changes relevant to the transport mechanism could prove to be a formidable problem. In some ways it is difficult to apply the approaches and thinking used with other cation ATPases in studies on transport related conformational changes. For example, protons (H 3 O + ) are always present in an aqueous solution making it impossible to examine the conformation of the plasma membrane H + -ATPase in the absence of its transported solute. Furthermore, since the proton concentration can have profound effects upon the conformation of proteins in general, it becomes difficult to assess conformational changes specifically related to a transport mechanism for protons (or H 3 O + ions). Clearly, this topic represents an area requiring the development of novel approaches and ideas.
AT WHAT LOGICAL STEP IN THE REACTION MECHANISM OF THE PLASMA MEMBRANE H + -ATPase DOES PROTON TRANSPORT TAKE PLACE? As indicated in Fig. 1 , a logical step in the plasma membrane H + -ATPase mechanism where proton translocation through the protein might occur could be associated with the transition between the E^ to E 2 P phosphoenzyme forms. This proposal is based upon both analogy to other P-type transport ATPases and preliminary results for the plant plasma membrane H + -ATPase involving transient state measurements of proton transport. For other P-type transport ATPases, this portion of the catalytic mechanism is associated with transport of the cation initially present on the same side of the membrane as the enzyme catalytic site and initial binding of this cation to the ATPase is associated with reactions of phosphoenzyme formation. Thus, for the Na + ,K + -ATPase, Na + binding to the inner face of the enzyme is associated with phosphoenzyme formation from ATP, and Na + release to the cell exterior occurs with the EjP to E 2 P transition (Skou, 1990; Glynn, 1988) . A similar situation occurs with Ca 2+ -ATPases of both the endoplasmic reticulum and cell membrane, where Ca 2+ binding on the cytoplasmic face of the enzyme is associated with phosphoenzyme formation and transport occurs with the E[P to E 2 P transition (Shamoo, Lockwich, and Cao (1990) and references therein). For the higher plant plasma membrane H + -ATPase, the observation that phosphoenzyme formation is enhanced at low pH (Briskin, 1986 (Briskin, , 1988a ) and phosphoenzyme breakdown is accelerated at high pH (Briskin, 1986) would be consistent with protons acting within the enzyme mechanism in a similar manner to these other cations which interact with the ATPase on the cytoplasm side of the protein. However, such results must be interpreted with some caution since pH could exert independent effects on protein conformation (see above). Moreover, in recent studies conducted in this laboratory, it is apparent that proton release from the ATPase during transport must be occurring at least prior to phosphoenzyme breakdown. When the pre-steady-state phase of proton release from the plasma membrane H + -ATPase was measured in vesicles using stopped-flow spectrophotometry and an internalized pH-sensing dye, there was no evidence for a pre-steady-state 'lag' in the time-course of acidification. Rather, internal acidification demonstrated a pre-steady-state 'burst' consistent with protons (or H 3 O + ions) being released prior to phosphoenzyme breakdown. These observations would be consistent with proton translocation taking place at some point associated with the E : P to E 2 P transition. Another means of examining the reactions involved in proton translocation would be to determine if an applied voltage has any effect upon pump activity. In a transport pump, the reactions carrying charge through an electrical field will be voltage sensitive and if such a step is ratelimiting, then the overall process will be affected by application of a voltage across the membrane (Glynn and Karlish, 1990) . Charge movement in the transport ATPase can reflect translocation of the ions themselves or other factors including changes in mobile charge groups in the active site, dipole moments and other charges unrelated to transport. However, the steps most likely to involve movement of charge in an ATPase reaction mechanism are the transport-related conformational changes. This concept has formed the basis for 'reaction-kinetic' modelling of transport proteins discussed by Sanders (1989) . This approach has generally been used with whole cells where voltage is applied using a voltage clamp and pump currents are measured. However, recent work by SetoYoung and Perlin (1991) has resulted in a technique to impose a positive-interior membrane potential in proteoliposomes and these workers then used this approach to examine effects of an imposed voltage on the yeast plasma membrane H + -ATPase. The imposition of a positiveinterior membrane potential not only led to an inhibition of ATPase activity for this P-type H + -ATPase, but also decreased its sensitivity to orthovanadate. Since it is the E 2 form of the enzyme that binds orthovanadate, these authors proposed that their data were consistent with the E^ to E 2 P step being voltage sensitive and being involved in proton translocation. Since methods are available to purify and reconstitute the higher plant plasma membrane H + -ATPase, this approach could be utilized to confirm the E,P to E 2 P transition as the step involved in proton translocation.
HOW MIGHT VECTORIAL PROTON TRANSPORT BE LINKED TO THE CHEMICAL REACTION OF ATP HYDROLYSIS OCCURRING AT THE ACTIVE SITE?
The essence of primary energy transduction by the plasma membrane H + -ATPase is that it involves the coupling of a scalar chemical reaction occurring at the active site to the vectorial translocation of protons through the protein.
While the coupling mechanism itself remains elusive, it is possible to formulate two general models for how this process might occur based upon whether energy transduction involves a 'ligand conduction' or 'conformational coupling' type of coupling mechanism. The major difference in these coupling mechanisms relates to how closely the scalar reaction chemistry (ATP hydrolysis) occurring at the active site of the enzyme is linked to proton + -ATPase Mechanism translocation. Nevertheless, both models must conform to an ATP hydrolysis reaction mechanism involving phosphorylated intermediates (EjP and E 2 P forms) as this is clearly a key feature of how this P-type transport enzyme operates in the coupling process. In addition, these models have been developed taking into consideration suggestions that for the plasma membrane H + -ATPase mechanism, proton binding may precede phosphoenzyme formation and that transport may take place at the EjP to E 2 P transition.
Ligand conduction model for energy transduction
In a ligand conduction-based model for energy coupling, proton translocation would be very closely linked to the ATP hydrolysis reaction. Such a model would follow the approach that Mitchell has used for describing the molecular mechanism of energy coupling by primary and secondary transport systems (Mitchell (1985) and references therein). While ligand conduction models have primarily been applied within the context of redox-driven proton pumps and coupling factor type H + -ATPases (Harold, 1986; Mitchell, 1985) , such schemes for energy coupling could be developed for P-type proton-pumping ATPases since the transported solute can be a participant in the chemical reaction of ATP hydrolysis (Mitchell, 1981 (Mitchell, , 1985 . An example of how a ligand conduction model could be applied to the plasma membrane H + -ATPase is shown in Fig. 9 . In this model, protons destined for transport would be donated to the enzyme from water during the reaction where water attacks the E 2 P phosphorylated enzyme form. This would result in the liberation of inorganic phosphate and the generation of a protonated enzyme that would be receptive to ATP binding and phosphorylation to form EjP. With the E,P to E 2 P transition, protons would then be released for transport and water could again attack the E 2 P form to regenerate the protonated enzyme. Implicit in this model is the requirement that the protonation 'site' on the enzyme must undergo a major change in pK a so that protons can be tightly bound within one portion of the mechanism and then released into an already acid solution during the E 2 P to E 2 P transition. The model shown in Fig. 9 also indicates the distribution of charged groups which must be accounted for during the enzyme catalytic cycle. To be complete, this must also include ATP resynthesis from ADP and inorganic phosphate. For the soluble species (i.e. ATP, ADP, Pi), the actual charge will depend upon a variety of factors including pH and Mg 2 + (Alberty, 1969) while for the enzyme-bound species, this will depend upon the extent of charge neutralization by other groups associated with the enzyme such as basic amino acid moieties.
Hence for the ligand conduction-type mechanism, the plasma membrane H + -ATPase would serve to conduct water to the active site and to promote its attack upon (2) the protonated enzyme form binds ATP, forms a phosphorylated intermediate (E,P) and releases ADP; (3) an internal conformational change occurs for the protonated phosphoenzyme converting it to the E 2 P form and the pK, of the H + binding 'site' decreases; (4) H + is released from the E 2 P phosphorylated intermediate. The overall distribution of charged groups which must be accounted for during the catalytic cycle is indicated. This mechanism assumes OH" donation to the phosphate at step 1 and charge redistribution concomitant with H + release at step 4. A complete accounting for charge balance would include ATP re-synthesis from ADP and Pi which is also indicated. the acyl-phosphate group associated with the E 2 P phosphoenzyme form. The inorganic phosphate generated from this attack upon the acyl-phosphate would then be conducted to the cytoplasm while the proton generated from this reaction would remain tightly bound and sequestered from bulk water. In subsequent stages of the coupling mechanism, this proton would be conducted to the extracellular face of the protein for release to complete the transport cycle. Therefore, in addition to providing the chemical environment for catalysis of these reactions, the enzyme would serve to orient these reactions vectorially so that accessibility to specific bound ligands is restricted in specific reaction steps and the ligands (ATP, ADP, Pi, H 2 O, H + ) are conducted to their appropriate (cytoplasmic versus extracellular) side of the protein.
Conformational coupling model for energy transduction
In contrast, a conformational coupling mechanism would entail a link between ATP hydrolysis and proton transport that is indirect; being mediated by protein conformational changes occurring during the reactions of ATP hydrolysis. The concept of a conformational type coupling between ATP hydrolysis and cation transport has been a centre of focus for the mechanism of P-type transport ATPases which involve E, and E 2 enzyme states and their phosphorylated forms (Tonomura, 1986; Jergensen and Andersen, 1988; Inesi and Kirkly, 1990) . Such an alternative model for energy coupling to proton transport by the plasma membrane H + -ATPase is presented in Fig. 10 . In such a model, protonation of the ATPase would occur at a site that may or may not be close to the active site where ATP hydrolysis is taking place. The conformation change occurring from protonation (or H 3 O + binding) at this site would make the enzyme receptive to ATP binding and phosphorylation would occur to yield the E^ phosphoenzyme form. At this point in the mechanism, the proton (or H 3 O + ) bound to the enzyme could either be accessible to the cytoplasm form of the enzyme is in a conformation to bind ATP; (2) the E,P phosphorylated intermediate is formed and a conformational change is transmitted to the site of proton (or H 3 O + ) binding; (3) an internal conformation change occurs to produce the E 2 P phosphoenzyme and the affinity for the proton (or H 3 O + ) is decreased so that it is released; (4) water attacks the phosphorylated intermediate independently and inorganic phosphate is released; (5) a proton (or H 3 O + ) binds to the free enzyme to return the enzyme to the initial conformation present in step 1. or occluded within the protein. With the EjP to E 2 P transition in the reaction mechanism, another conformation change would occur that would render the proton (or H 3 O + ) accessible to the extracellular side of the protein and the site would display a much reduced affinity for this solute. At this point, protons (or H 3 O + ) would be released in transport. Hydrolysis of the phosphate group from the E 2 P enzyme form would then bring the catalytic/transport cycle back to its initial point where a subsequent bout of proton (or H 3 O + ) binding could occur. Although release of inorganic phosphate in this mechanism would still involve attack of the E 2 P phosphorylated enzyme by water, this would occur in a manner that is fully independent of events related to proton (or H 3 O + ) binding for transport by the enzyme. Taken together, such a conformational coupling mechanism for the plasma membrane H + -ATPase entails a series of conformational changes in the ATPase protein driven by the cycle of phosphoenzyme formation and breakdown. These conformational changes in the protein mediate proton translocation as these different states of the enzyme have differences in accessibility and affinity of the proton (or H 3 O + ) binding site. Hence, in the conformational coupling model, the H + -ATPase protein must take on a somewhat different role in not only providing the proper chemical environment for catalysis but also in transmitting conformational displacements driven by ATP hydrolysis to regions of the protein which may or may not be distant from where catalysis is taking place.
Relationship of the coupling mechanism to the path for proton movement through the protein
In a previous section it was pointed out that two possible modes of proton movement through the H + -ATPase might be possible, involving either proton wires or alternating sites. This leads to the inevitable question of whether the mode (or modes) for proton transport through the protein might, in turn, be limited or determined by whether energy transduction occurs via a ligand conduction or conformational coupling mechanism. Clearly, either mode or a combination of modes for proton movement through the protein would be possible with either energy coupling mechanism. For the ligand conduction model present in Fig. 9 , the proton bound within the enzyme could be moved and released to the extracellular side of the protein by a proton-wire pathway or the proton binding site itself could experience alternating access to the active site and the extracellular side of the protein. Likewise for the conformational coupling model presented in Fig. 10 , conformational changes resulting from the enzyme-mediated reaction of ATP hydrolysis could drive proton movement through a proton-wire pathway or by an alternation in site access.
For these coupling and proton transport mechanisms there is another significant point as regards the region of the protein where the proton or H 3 O + ion is released. Within the 'channel' domain, a translocation path consisting of proton-wires, alternating sites or some combination of these modes could transport a proton through the entire length of this domain to the extracellular surface of the protein or release from the protein could occur within this domain followed by proton or H 3 O + ion diffusion through the 'channel' to the extracellular surface. This latter situation would be analogous to the 'proton well' described by Mitchell (Mitchell, 1981) where proton diffusion would occur down a local gradient of AfiH + (Harold (1986) and references therein). Clearly, the extent to which the 'channel-like' domain in hypothetical models for the plasma membrane H + -ATPase would act as a true membrane channel for proton conduction would be dependent upon the packing arrangement of the individual transmembrane peptides and their interaction to form inter-peptide hydrogen bonds.
Perspective on the energy transduction mechanisms
From this discussion it is apparent that these models may represent two extreme viewpoints on how energy coupling might take place with the central question pertaining to how closely ATP hydrolysis reactions and proton translocation may be linked in this particular transport enzyme (Harold, 1986) . One experimental approach to examine the link between ATP hydrolysis and transport could involve the use of inhibitors since a direct linkage model (ligand conduction) would predict that inhibitor effects upon these processes should occur with equal sensitivity (Tu, Brauer, and Nungesser, 1990) . That proton transport by the plasma membrane H + -ATPase in native plasma membrane vesicles shows a more pronounced sensitivity to the histidine-modifying reagent, diethyl-pyrocarbonate than ATP hydrolysis (Gildensoph and Briskin, 1990) would tend to support a more indirect, conformational coupling mechanism since this would allow for differential effects upon these two processes. However, this observation needs to be confirmed with other inhibitors and with a fully purified preparation of the enzyme that is reconstituted into proteoliposomes. Another experimental approach that could be used to evaluate the link between ATP hydrolysis might again focus on determining whether the plasma membrane H + -ATPase has the capacity to transport Na + ions in substitution for protons. As this observation would argue for independent transport of H 3 O + ions, and Na + ions would not have the capacity to be as directly involved in the chemistry of ATP hydrolysis, such a result would be more consistent with an indirect linking of these two processes. Finally, it should be pointed out that attempting to categorize energy coupling by the plasma membrane H + -ATPase as being purely based upon either ligand conduction or conformational coupling may be artificial and unrealistic. As pointed out by Harold (1986) , ligand conduction and conformational coupling models may represent the ends of a continuum where energy coupling by real transport enzymes would likely display features of both. A similar statement could also be made for how such coupling mechanisms might relate to the mechanism for proton translocation across the protein as well.
WOULD AN ENERGY COUPLING MECHANISM FOR PROTON TRANSPORT NECESSARILY INVOLVE AN OBSERVABLE 'POWER-STROKE' IN ENERGY EXPENDITURE?
It has been tempting to assume that a mechanism for energy transducing transport ATPases might involve a 'power-stroke' in the catalytic/transport mechanism where a major expenditure of free energy would occur to impart free energy to the transported solute. With P-type transport enzymes such as the plasma membrane H + -ATPase, this is especially so when properties of the enzyme reaction mechanism and enzyme intermediate states are considered. As pointed out earlier and in Fig. 1 , a key characteristic of such enzymes is the presence of two phosphorylated intermediate states in the mechanism that differ in their capacity to donate the phosphate group to exogenous ADP. This has led to the concept of the E t P form as being a 'high-energy' phosphointermediate since it can donate the phosphate group to ADP with resynthesis of ATP (Tonomura, 1986) . Likewise, the E 2 P form has been termed a 'low-energy' phosphointermediate since it cannot donate the phosphate group to ADP but can interact with water to liberate inorganic phosphate (Tonomura, 1986) . With the transition between these states being the reaction step likely involved in ion translocation and that these states appear to differ in energy, one would naively assume that a major free energy change would be occurring at this point to drive the process of transport. In a sense, this would be similar to what is occurring in bacteriorhodopsin where an energized form of the protein produced by light excitation mediates transport through conformational change (Stoeckenius, Lozier, and Bogomolni, 1979; Khorana, 1988) .
It is then somewhat surprising that when free energy values are determined for steps in the catalytic cycle of P-type transport ATPases, the EjP to E 2 P transition demonstrates some of the lowest changes in free energy. For the animal cell Na + ,K + -ATPase, the free energy change for this reaction has recently been estimated to be about -l^kcalmol" 1 (Stein, 1990) . This represents a free energy change amounting to about 10% of that available from ATP hydrolysis; assuming a AG° of -13 kcal mol"
1 . This same reaction step in the sarcoplasmic reticulum Ca 2 + -ATPase mechanism not only displays a small free energy change but is endergonic with an estimated AG° of about + 1 -4 kcal mol~' (Tanford, 1984) . Values for the change in free energy associated with this reaction step can be estimated from a knowledge of rate constants (or an equilibrium constant) for this reaction:
k.
EjP == E 2 P where: K cq = k t /k r k r and the thermodynamic relationship between free energy and the equilibrium constant:
AG°= -RT\nK cq
where R is the gas constant (1-987 cal mol" 1 deg" 1 ) and Tis the temperature (°K) (Alonso and Hecht, 1990; Stein, 1990) . As kinetic rate constants for this reaction have been determined from transient-state kinetic studies on the red beet plasma membrane H + -ATPase (Briskin, 1988a) , the free energy change of the EjP to E 2 P transition can also be calculated for the plant enzyme. Estimation of the free energy change for this reaction is shown in Table 1 , using rate constants determined at 10 °C in either the presence or absence of 50 mM K + (Briskin, 1986 (Briskin, , 1988a . It was necessary to conduct reactions at this temperature to allow resolution of mechanistic steps with the equipment used in this study and K + appears to exert a major effect in stimulating ATP hydrolysis at this portion of the mechanism (Briskin, 1986 (Briskin, , 1988a . This effect of K + will be discussed in the next section of this review. As with other P-type transport ATPases, it is apparent that the E X P to E 2 P transition for the plant plasma membrane H + -ATPase does not demonstrate a major free energy change, ranging from -1-97 to -2-47 kcal moP 1 in the absence or presence of K + , respectively. For the highest free energy associated with this reaction (in the presence of K + ), this amounts to less than 20% of the free energy available from ATP hydrolysis.
Although data are currently unavailable to estimate free energy changes for other portions of the plant plasma membrane H + -ATPase reaction cycle, such free energy changes have been examined for animal cell Na + ,K + -ATPase (Stein, 1990) and sarcoplasmic reticulum Ca 2+ -ATPase (Pickard and Jencks, 1984) . When basic free energy levels are estimated for the pumping cycles of these enzymes under conditions relevant to their physiological function (i.e. concentration of ATP, ADP, Pi, transport ions on each side of the membrane), the free energy changes appear apportioned in a fairly even fashion over the various reaction steps of these enzymes. This absence of major free energy changes under physiological conditions could be important for maximizing the efficiency of the catalytic cycle since this promotes enzyme turnover (Hill and Eisenberg, 1981) . The presence of a high energy intermediate would produce a barrier to turnover while the presence of a low energy intermediate would produce an energy 'well' that would be difficult for the enzyme to escape (Jencks, 1989a,/?) .
The absence of an obvious step of major energy release as a power stroke would be consistent with the proposal by Hill and co-workers (Hill and Eisenberg, 1981; Eisenberg and Hill, 1985; Hill, 1989 ) that free energy transduction cannot be ascribed to a single step in a transport enzyme reaction mechanism, but is instead a consequence of the entire catalytic/transport cycle. In their view, the bacteriorhodopsin analogy is not valid for a transport ATPase as the free energy of ATP hydrolysis is not localized on the ATP molecule. It is, instead, a reflection of the overall free energy of ATP hydrolysis in aqueous solution which is dependent upon differences in the molecular structure of ATP, ADP and Pi, their interaction with water and their concentration under physiological conditions (Eisenberg and Hill, 1985; Hill, 1989; Harold, 1986) .
As a final note in this section, it should be pointed out that Tanford (1984) has presented an alternative viewpoint on localization of energy transduction to a discrete step in the mechanism of transport ATPases. However, this concept of a 'power-stroke' differs in that it is not reflected in an overall major change in free energy for a given reaction step. Using thermodynamic data for enzyme reaction steps and values of Ca 2+ binding affinity for the sarcoplasmic reticulum Ca 2+ -ATPase, the change in chemical potential for both the phosphointermediate and the bound Ca 2+ were estimated for the EjP to E 2 P transition (Ca 2 E~P > Ca 2 E-P). This calculation revealed that although the phosphointermediate exhibited a major decrease in chemical potential (^/i = -7-8 kcal moP 1 ), this was balanced by the increase in chemical potential of the bound Ca 2+ ions {A^ = + 120 kcal mol" 1 ). As the overall free energy of reaction would reflect the sum of these chemical potentials and any contribution related to protein conformational change (estimated as zl/x = -30 kcal mol"'), it was appar- The free energy change for the E,P to E 2 P transition was estimated using data from transient-state kinetic studies on the red beet plasma membrane H T -ATPase (Briskin, 1988a) . The equilibrium constant (K) was calculated from the quotient of the forward (k,) and reverse (Ar r ) rateconstants for the reaction. This value was then used to estimate the free energy (JC) according to JCT= -RT In K where ft is the gas constant (1-987 cal mol" 1 deg" 1 ) and 7" is the absolute temperature.
ent that a major change in chemical potential of the phosphate group approaching 50% of the free energy available from ATP hydrolysis could occur with only a small overall change in free energy for the overall reaction. This would be possible since the loss in chemical potential of the phosphoenzyme is gained by an increase in chemical potential for the transported solute. The extent to which the proton transport mechanism for the plant plasma membrane H + -ATPase can be examined within the context of these arguments will require an extensive thermodynamic analysis of the catalytic/transport reaction cycle of this enzyme. This will represent a major focus of the future research conducted in this laboratory.
WHAT ROLE DOES K + HAVE IN THE ACTIVITY OF THE PROTON PUMP?
No discussion on the plasma membrane H + -ATPase would be complete without a comment on the role that K + may have in the functioning of this enzyme. Clearly, a key characteristic of the plasma membrane H + -ATPase found early on in the research is its specific stimulation by K + . As such, this enzyme has often been referred to as a 'K + -stimulated ATPase' where this component of the measured ATP hydrolytic activity was regarded, for some time, to reflect the activity of the enzyme associated with transport (Leonard (1984) and references therein). An early focus in research on the plasma membrane H + -ATPase was the concept that this stimulation by K + might reflect the actual transport of this cation by the enzyme (Leonard, 1982 (Leonard, , 1983 (Leonard, , 1984 Leonard and Hodges, 1980) . This was logical since stimulation of ATP hydrolytic activity by the cation (or cations) being transported was commonly observed for transport ATPases such as the Na + ,K + -ATPase (Skou, 1990) , gastric mucosal H + ,K + -ATPase (Rabon and Reuben, 1990 ) and sarcoplasmic reticulum Ca 2+ -ATPase (Inesi and Kirkly, 1990) . Furthermore, K + -stimulation of ATPase activity demonstrated properties which appeared to correlate with those observed for K + uptake. In a study involving barley, oats, maize, and wheat, the relative level of K + stimulation of ATPase activity in membrane fractions correlated with the relative rates of K + ( 86 Rb + ) uptake into the roots of these species (Fisher, Hansen, and Hodges, 1970) . For both oat (Leonard and Hodges, 1973) and maize (Leonard and Hotchkiss, 1976) , K + stimulation of ATPase activity in plasma membrane fractions displayed a complex kinetic profile similar to the complex kinetic profile for K + ( 86 Rb + ) uptake into root tissue.
Kinetic studies on the reaction mechanism of the plant plasma membrane H + -ATPase have suggested that the stimulation of ATP hydrolytic activity by K + may be related to effects at two individual reaction steps (Briskin, 1988a; Gonzalez de la Vara and Medina, 1990) . As mentioned earlier, this cation accelerates the transition between the E t P and E 2 P enzyme reaction states and the subsequent release of Pi from E 2 P (Briskin, 1988 (Briskin, , 1986 ; Gonzalez de la Vara and Medina, 1990) . For this latter reaction (where Pi is released), the stimulatory effect of K + is similar, but smaller in magnitude to that observed for enzymes which directly transport this cation. With both the animal cell Na + ,K + -ATPase (Skou, 1990) and gastric H + ,K + -ATPase (Rabon and Reuben, 1990) , the stimulation of Pi release in the mechanism involves an interaction of K + with the enzyme on the cell exterior (E 2 P form) followed by transport of this cation to the cell interior as Pi is released.
When taken together, these observations regarding the relationship between K + stimulation of ATP hydrolytic activity and K + transport, and K + effects in the enzyme mechanism have led to a model where K + would be directly transported by the plant plasma membrane H + -ATPase in a manner analogous to the animal cell gastric H + ,K + -ATPase (Hodges, 1976) (Fig. 1 1A) . In this model, K + would be transported from the cell exterior to the cytoplasm in exchange for protons and this transport event would coincide with K + effects on Pi release and possibly the E t P to E 2 P transition. As with proton translocation, ligand conduction or conformational coupling schemes (again, bearing in mind that these are extreme viewpoints) could be developed to describe the mechanism for direct K + translocation by the enzyme. Within a ligand conduction type mechanism, K + could interact within the protein at the active site to stabilize enzyme intermediate states through charge neutralization (i.e. E 2 P phosphoenzyme form) and/or promote release of inorganic phosphate as a K + salt. In contrast, conformational coupling would involve K + translocation occurring without direct chemical involvement in ATP hydrolysis and at a site that could be separate from the enzyme active site.
This concept of the plasma membrane H + -ATPase acting as a H + /K + exchange pump has, however, been challenged by other observations which are not consistent with this role. Clearly, the level of K + stimulation of ATP hydrolytic activity is relatively minor when compared to that observed for ATPases which transport this cation directly (Serrano, 19846, 1988) and in some cases, K + stimulation can be less than 1-fold (Serrano, 1984a, b) or even absent (Briskin and Thornley, 1984) . Potassium is clearly not required for ATPase activity or proton transport by the plasma membrane H + -ATPase since it is possible to measure these activities in the absence of this cation using a reconstituted and purified preparation of the enzyme (Vara and Serrano, 1982) . Furthermore, since any stimulatory effect of K + on the proton transport activity of this preparation was observed immediately in this study, it was argued that K + must be acting on the outside of the vesicles where the catalytic site (cytoplasmic face) of the enzyme is exposed. This would strongly argue against a K + transport function for the enzyme that was associated with K + stimulation, since such an activity would require K + to act from the opposite, extracellular side of the protein.
These results have led to the concept that the plant plasma membrane H + -ATPase acts only as a primary proton pump and any observed effects of K + within the mechanism of the enzyme might reflect a role of this cation as an effector acting on the cytoplasmic side of the protein (Fig. IIB) . AS the level of cytoplasmic K + can be in the range of 50 to 150 mM (Marschner, 1986) , the enzyme may simply operate optimally when this cation is present on the cytoplasmic side of the protein and the K + stimulation observed in in vitro assays may simply reflect this difference. With respect to K + uptake in this model, the plasma membrane H + -ATPase would serve to provide the driving force for the transport of this cation as a secondary process via additional carriers acting as membrane potential-driven uniports and/or zJpH-driven H + /K + symports (Lucas, and Kochian, 1988; Serrano, 1984a, b; Villalobo, 1988) .
A third possibility which has not received much attention, is that the plant plasma membrane H + -ATPase might be directly involved in K + uptake where the energization of transport is secondary rather than primary (Fig. lie) . In this model, the plasma membrane H + -ATPase would function as a primary proton pump and the stimulatory effects of K + within the enzyme reaction mechanism would be related to an effector role occurring on the cytoplasmic side of the enzyme. However, the enzyme would have a closely associated K + channel that would allow uptake to occur in response to the membrane potential. While there is no direct evidence for this model at present, such a role has been suggested for the yeast plasma membrane H + -ATPase based upon recent molecular studies (Ramirez, Vacata, McCusker, Haber, Mortimer, Owen, and Lecar (1989) and references therein). One particular mutant of the PMAl gene which encodes the yeast plasma membrane H + -ATPase (pmal-105) results in reduced ATPase activity and the inability of the organism to grow at low pH or in the presence of NH ( McCusker, Perlin, and Haber, 1988) . However, this phenotype is suppressed by adding 50 mM KG and further analysis showed that these mutants had reduced membrane potentials as compared to wild-type cells (Perlin, Brown, and Haber, 1988) . Further studies on this mutant using the patch clamp technique revealed the unique presence of K + channels that were activated by the addition of intracellular ATP and inhibited by N,N'-dicyclohexylcarbodiimide (DCCD), an inhibitor of the H + -ATPase (Ramirez el ai, 1989) . As this mutation is specifically associated with the PMAl gene encoding the yeast plasma membrane H + -ATPase, these workers have argued that the K + channel may be associated with the protein and that this mutation might allow a greater K. + flux through the channel (reducing the membrane potential) than would occur for the wild-type enzyme. These workers further suggest that yeast plasma membrane H + -ATPase may, in fact, operate in a similar manner as the animal cell Na + ,K + -ATPase and gastric H + ,K + -ATPase except that the K + transport function has been somewhat 'de-coupled' from the proton transport aspect of the pump. As the fungal plasma membrane H + -ATPase is often considered to be closely related to and possibly a + -ATPase Mechanism model for the higher plant plasma membrane H + -ATPase (Serrano (1984a (Serrano ( , b, 1989 and references therein), these observations and hypotheses regarding a K + transport function for the enzyme should be given further consideration.
When attempting to relate these models describing K + interactions with the plasma membrane H + -ATPase to a possible function in K + uptake, it is important to consider the thermodynamic requirements for K + uptake under conditions that might be experienced by plant roots in vivo. In this respect, it has been shown that at the low external K + concentrations (<0-5mM) often described as being in the 'Mechanism I' range, K + uptake represents an active process occurring against its electrochemical gradient (Cheeseman and Hanson, 1979 Hanson, , 1980 . As such, it would be difficult to account for K + uptake based upon mechanisms involving electrophoretic movement of this cation. However, an uptake mechanism involved H + / K + co-transport (H + /K + symport) could satisfy the thermodynamic requirements for driving K + uptake (Blatt, Rodriguez-Navarro, and Slayman, 1987) and evidence has been presented for the presence of such a K + transport system in K"""-starved Neurospora cells (Rodriguez-Navarro, Blatt, and Slayman, 1986; Blatt et al., 1987) . Due to similarities between K + -starved Neurospora cells and low salt-grown plant roots, it has also been suggested that such a H + /K + co-transport system might mediate K + uptake in higher plant cells (Lucas and Kochian, 1988) . But when examined in more detail by Kochian, Shaff, and Lucas (1989) , the function of a H + /K + cotransporter in mediating active K + uptake in higher plant roots could be questioned due to an apparent insensitivity of the uptake system to changes in external pH (from pH 50 to 80 in their studies). Furthermore, their results clearly point out that at pH 80, there is probably insufficient energy available in the proton electrochemical gradient to drive K + uptake via an H + /K + symport operating with a stoichiometry of 10. At least from a thermodynamic standpoint, it would, therefore, appear that K + uptake in the Mechanism I range would need to be linked to metabolic energy as a primary transport process. This could arise from either its direct transport via the plasma membrane H + -ATPase (Fig. 11A) or by the presence of a separate 'K + -only' ATPase which would function as a high affinity K + transport system (Kochian et al. (1989) for discussion). At external K + concentrations exceeding 0-5 mM (Mechanism II range), K + uptake appears to be passive from a thermodynamic standpoint (Marre, 1979) and could occur through the action of secondary transport systems mediating electrophoretic cation movement (Cheeseman and Hanson, 1979; Lucas and Kochian, 1988) . The results of both whole root uptake (Kochian, Xin-Zhi, and Lucas, 1985) and recent patch-clamp studies (Hedrich and Schroeder (1989) and references therein) have been consistent with the presence of K + channels at the plasma membrane which could function in the electrophoretic uptake of this cation.
EPILOGUE While molecular and biochemical approaches have provided valuable information on the structure and reaction mechanism of the plant plasma membrane H + -ATPase, our present understanding of how this protein couples ATP hydrolysis to proton transport is far from complete. Our intent with this review was to pose significant questions regarding the process of energy transduction by the plant plasma membrane H + -ATPase for discussion in terms of current data available on this enzyme or other P-type transport ATPases. These questions have primarily dealt with the chemical nature of proton translocation by the ATPase and how this could be linked, or driven by the exergonic reaction of ATP hydrolysis. For even a well-characterized transport ATPase such as the sarcoplasmic reticulum Ca 2+ -ATPase, some of the topics discussed remain somewhat controversial. While in many cases, this review has not provided specific answers to these questions, it is hoped that our discussion of these issues will lead to further research on this process so central to the function of this important protein. 
